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Trypanothione is a unique diglutathionyl-spermidine conjugate found in abundance in trypanosomes but not in other eukaryotes. Because trypanothione is a naturally occurring polyamine thiol reminiscent of the synthetic drug amifostine, it may be a useful protector against radiation and oxidative stress. For these reasons we hypothesized that trypanothione might serve as a radioprotective agent when produced in bacteria. To accomplish this objective, the trypanothione synthetase and reductase genes from T. cruzi were introduced into E. coli and their expression was verified by qPCR and immunoblotting. Trypanothione synthesis in bacteria, detected by HPLC, resulted in decreased intracellular levels of reactive oxygen species as determined by H 2 DCFDA oxidation. Moreover, E. coli genomic DNA was protected from radiation-induced DNA damage by 4.6-fold in the presence of trypanothione compared to control bacteria. Concordantly, the transgenic E. coli expressing trypanothione were 4.3-fold more resistant to killing by
INTRODUCTION
Effective radioprotectors are needed for biomedical applications as well as for radiation disaster countermeasures. One approach to the discovery of novel radioprotectors is to identify and investigate the efficacy of potentially novel naturally occurring radioprotector molecules. One such molecule is trypanothione, a unique diglutathionyl-spermidine conjugate found in kinetoplastids within the suborder Trypanosomatida (1) . Trypanosomes are extremely resistant to ionizing radiation and oxidative stress at least in part through the molecular physiology of the trypanothione molecule (2) (3) (4) . Trypanothione is formed by the unification of two glutathione molecules with one spermidine molecule via the trypanosome specific enzyme trypanothione synthetase (TS). As a polyamine dithiol, trypanothione is reminiscent of manmade polyamine thiol radioprotectors such as amifostine. Polyamine cations catalyze the condensation of DNA, and when coupled with thiols they galvanize the DNA with reducing equivalents capable of detoxifying damaging free radicals and reactive species generated near the DNA (5). The availability of two vicinal thiol reducing equivalents per spermidine provides trypanothione with potentially better reducing potential than amifostine while maintaining the polyamine moiety to target these reducing equivalents to the vicinity of nucleic acids. These properties make trypanothione a superior radioprotector of DNA in solution compared to other thiol-containing molecules such as dithiothreitol, cysteine, cysteamine and glutathione (6) . Trypanothione has been shown to be four times more effective than glutathione at protecting purified bacterial DNA from the harmful effects of ionizing radiation in vitro under anoxic conditions (6) . However, whether trypanothione can serve as a radioprotector in a biologically intact organism other than trypanosomes has not been tested. To this end, we used a gene transfer strategy to establish the trypanothione biosynthesis pathway in E. coli and tested the effect of trypanothione accumulation on bacterial radiation biology and survival after exposure to ionizing radiation.
were a generous gift from Dr. Alan Fairlamb (University of Dundee, Scotland) (7, 8) . For simplicity, pET15b-TcTryS plasmid is referred to as pETA/TS in this paper. The TR gene was PCR amplified from the pBRT vector using the following PCR primers: TcRed forward: TTCCAGAAGAATCATGATGTC, and TcRed reverse: CTCTTT CCTTACAGAGATGCC. The TR expression vector pETK/TR (Kan r ) was generated following the manufacturer's conditions for cloning the TR PCR product into the pEK/LIC 30 bacterial expression vector (Novagen). All plasmid cloning and amplification was performed in the TOP10 E. coli strain (Invitrogen), and bacterial cultures were grown for 16 h at 37uC with shaking in Luria Broth supplemented with ampicillin or kanamycin, each at a final concentration of 100 mg/ml. All experimental procedures were performed in BL21 Star (DE3) E. coli (Invitrogen) transformed with both pETA/TS and pETK/TR in Luria Broth supplemented with both ampicillin and kanamycin. For studies of growth kinetics, BL21 E. coli was transformed with the empty vector pETA (Amp r ) and pETK (Kan r ) plasmids. To induce expression of recombinant TS and TR for HPLC analysis of trypanothione, Bl21 E. coli transformed with pETA/TS and pETK/TR were grown to an optical density (OD) at 600 nm of ,1.2; the culture was then cooled, induced with 0.5 mM isopropyl b-D-1-thiolgalactopyranoside (IPTG), and grown at 25uC at 100 rpm for 16 h. Alternatively, for nickel column purification and all irradiation experiments, transformed E. coli was induced in log phase with growth normalized to an OD of 0.6. Cultures were then induced with 0.25 mM IPTG for 3 h at 25uC at 100 rpm, after which the bacteria were collected for purification or irradiated.
Measurement of TS and TR Expression in E. coli
Total bacterial RNA was extracted from pETA/TS and pETK/TRor pETA and pETK-transformed E. coli using Trizol (Invitrogen) according to the manufacturer's specifications. After UV spectrophotometric determination of bacterial RNA yield, 1 mg of RNA was treated with DNase I as outlined in the RQ1 RNase-Free DNase Kit (Promega). After DNase treatment, the bacterial RNA was reverse transcribed using a High Capacity cDNA Archive Kit (Applied Biosystems). Polymerase chain reaction was performed by making a 25-ml mixture containing 4 ng of cDNA, 12.5 pmol of forward oligonucleotide primer, 12.5 pmol of the corresponding reverse oligonucleotide primer for TS, TR or E. coli 16S rRNA (9) , and 2X Power SYBR Green PCR Master Mix (Applied Biosystems). Oligonucleotide primers used for these studies were as follows: TS forward: TGCCGCTGATTCACGAGAA, TS reverse: CCCGTTT GAAGTGAAGCGACT, TR forward: GATTTGGTTGTCATTGG CGC, TR reverse: TCGGAACGCAGCCAACATT, 16S357 forward: CTCCTACGGGAGGCAGCAG, and 16S519 reverse: GWAT-TACCGCGGCKGCTG. Reactions were thermocycled according to the following conditions: 50uC for 2 min, 95uC for 10 min, 40 cycles (95uC for15 s and 60uC for 1 min). Ten microliters of the resulting reaction was fractionated by electrophoresis on a 2% agarose and 13 TBE gel, stained with ethidium bromide, and photographed by UV shadowing using an Alpha Imager camera system (Alpha Innotech Corporation).
Nickel Purification Strategy and Immunoblotting
Histidine tagged trypanothione synthetase and trypanothione reductase recombinant protein was purified using the Ni Sepharose gravity flow column His GraviTrap (GE Healthcare) according to the manufacturer's protocol. The resulting input, flow through, wash and eluate were run on a 4-12% SDS/PAGE gel (BioRad). The composition of the resulting eluate was then visualized by Coomassie Blue staining. The nickel purification strategy was validated by SDS-PAGE fractionation of the eluate followed by immunoblotting with a monoclonal 6X His antibody (Invitrogen).
Analysis of Trypanothione Metabolism in E. coli
Detection of trypanothione by high-performance liquid chromatography (HPLC) in these studies was adapted from protocols described previously for detecting trypanothione from S. cerevisiae extracts (7). Trypanothione standards (Bachem) were prepared at concentrations ranging from 100 to 100,000 fmol/20 ml in diethylenetriaminepentaacetic acid (DETAPAC). Bacterial homogenates were prepared in 80 ml DETAPAC buffer after rinsing with PBS. Samples and standards were reduced with an equal volume of 5.0 mM DTT (dithiothreitol) in DETAPAC and incubated for 30 min. Then 20 ml of the sample was added to 230 ml nanopure water followed by derivatization with 750 ml 0.5 mM ThiogloH 3 (Covalent Associates, Inc.) at pH 8.0. After a 5-min incubation period, the samples were acidified to pH 2.5 to ensure that they remained stable. The maleimide derivatives were filtered and injected onto a phenyl-silica reverse-phase column (0.46 cm 3 25 cm) (Vydac 219 TP) (10) using a Shimadzu HPLC system (SIL-10A auto injector, LC-10AT liquid chromatograph, RF-10 Axl fluorescence detector, and SCL-10 Avp system controller) operating at a flow rate of 0.8 ml/min with an isocratic mobile phase (65% acetonitrile, 25% nanopure water, 0.05% acetic acid, 0.05% o-phosphoric acid, pH 2.5).
Growth Analysis of Trypanothione-Expressing E. coli after Exposure to Ionizing Radiation
Cultures of pETA/TS and pETK/TR-or pETA and pETKtransformed BL21 E. coli were normalized to 0.6 OD and induced for 3 h with 0.25 mM IPTG and then received sham exposure or 600 Gy 137 Cs c rays at a dose rate of 29.9 Gy/min (J. L. Shepherd Irradiator). All cultures were then diluted with Luria Broth to an OD of 0.6 and cultured at 37uC at 200 rpm. The OD was then monitored every 5 h. Clonogenic cell survival after irradiation was determined in the presence or absence of IPTG and radiation. The E. coli was serially diluted in LB broth and plated at 10
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24 , 10 25 and 10 26 on Luria Broth agar plates containing kanamycin and ampicillin. After overnight incubation at 37uC, surviving bacterial colonies were counted. The surviving fraction was calculated by dividing the number of colonies surviving irradiation in the presence or absence of IPTG cultures by their respective sham-irradiated counterparts.
Assessment of Bacterial Oxidative Stress
Oxidative stress was measured in sham-irradiated or irradiated pETA/TS and pETK/TR-transformed BL21 E. coli, grown as described above in the presence and absence of IPTG, by measuring fluorescence of the oxidation sensitive H 2 DCFDA probe [5-(and-6)-carboxy-29,79-dichlorodihydrofluorescein diacetate; Molecular Probes]. Briefly, irradiated E. coli were pelleted by centrifugation and washed in PBS and were then incubated with 20 mM H 2 DCFDA or the oxidationinsensitive DCFDA probe [5-(and-6)-carboxy-29,79-dichlorofluorescein diacetate; Molecular Probes] in PBS for 30 min in the dark. The E. coli were again washed and then pelleted and lysed for 20 min with BugBuster reagent (Novagen). The fluorescence of the bacterial cell lysate was read on a Spectrafluor Plus fluorescence plate reader (TECAN) with an excitation wavelength of 450 nm and an emission wavelength of 550 nm. Mean fluorescence was normalized to the protein concentration determined by the Bradford assay (Bio-Rad). Bacteria treated with 1 mM hydrogen peroxide for 30 min prior to measuring H 2 DCFDA fluorescence were used as a positive control.
Evaluation of DNA Damage in Trypanothione-Expressing E. coli E. coli transformed with pETA/TS and pETK/TR were cultured with or without IPTG, then irradiated with 0 or 600 Gy 137 Cs c rays as described above. Two hours after irradiation, DNA was extracted using DNeasy Tissue Kit (Qiagen). DNA was dephosphorylated with calf intestine alkaline phosphatase (CIAP, Promega), then repurified RADIOPROTECTION OF E. coli BY TRYPANOTHIONE using a Qiaquick kit (Qiagen). Bacteriophage T4 polynucleotide kinase (PNK) was then used to end-label 1 mg of dephosphorylated DNA from pETA/TS and pETK/TR transformed E. coli with [c-32 P]ATP (3000 Ci/mmol) (Perkin/Elmer). The reaction was carried out at 37uC for 10 min, then stopped by adding 0.5 M EDTA and heating to 78uC for 1 min (59 End-Labeling System, Promega). The labeled DNA was then purified over a Sephadex G-50 spin column (Roche). The radiolabeled DNA was then spotted on Whatman circular filters with scintillation fluid and counted on a scintillation counter (LS6500 Beckman). The results are presented as counts per minute (cpm) per mg of DNA.
RESULTS
To determine whether expression of the trypanosome metabolite trypanothione (Fig. 1A) has a radioprotective effect on E. coli, we first engineered bacterial strains expressing the TS and TR genes. Expression of TS and TR was detected in pETA/TS and pETK/TR-transformed bacterial strains but not in E. coli transformed with pETA and pETK (Fig. 1B) . TS and TR protein expression was verified after nickel column chromatography purification of histidine-tagged recombinant proteins from bacterial lysates. Fractionation of the nickel affinity purified bacterial eluates by SDS-PAGE followed by either Coomassie staining (Fig. 1C) or immunoblotting (Fig. 1D ) demonstrated that pETA/TS and pETK/TR-transformed bacterial strains expressed two proteins corresponding to the molecular weights of T. cruzi TS (74 kDa) and TR (50 kDa) (7, 11) . Consequently, transformation and selection for pETA/ TS and pETK/TR replication in E. coli resulted in bacterial expression of T. cruzi TS and TR.
After demonstrating that transgenic TS and TR expression could be established in E. coli, we next confirmed that trypanothione was generated in this system. Using a method described previously for detecting trypanothione production in S. cerevisiae (7), a HPLC detection method was adapted using the fluorescent maleimide sulfhydryl derivatizing reagent ThiogloH 3 (10) . The robustness of the HPLC method for detection of trypanothione was demonstrated by using a commercially available trypanothione preparation to generate a standard curve that revealed that detection of trypanothione by HPLC was linear within a range of 5 nM to 5 mM (Fig. 2A) . Trypanothione synthesis was next detected in pETA/TS and pETK/TRtransformed E. coli bacterial cell lysates by HPLC. Trypanothione had an average peak retention time of 14.53 to 16.15 min (Fig. 2B) , and after comparing the sample peak area to the areas with given trypanothione concentrations in the standard curve, the intracellular concentration of trypanothione in pETA/TS and pETK/ TR-transformed bacteria was determined to be 74 mmol per mg bacterial protein. Clearly, therefore, stable expression of DNA encoding T. cruzi TS and TR in bacteria is sufficient to generate detectable levels of trypanothione in E. coli. Furthermore, despite the fact that TR expression was more favorable than TS expression under our experimental conditions, the level of TS expression achieved was sufficient to confer accumulation of trypanothione in pETA/TS and pETK/TR-transformed bacteria (Fig. 1C, D) . Total RNA isolated from E. coli transformed with both pETA/TS and pETK/TR was reverse-transcribed and subjected to PCR using primers specific for the TS and TR genes and the E. coli 16S rRNA. PCR products were size fractionated on a 2% agarose gel and stained with ethidium bromide. Panel C: pETA/TS and pETK/TR-transformed bacterial cell lysates were sonicated and recombinant His-tagged trypanothione synthetase and reductase proteins were purified by nickel affinity chromatography. The resulting eluate was fractionated by SDS-PAGE, stained with Coomassie blue, and compared to the input, unbound and wash fractions. Panel D: The nickel purification strategy was also validated by immunoblotting of the recombinant Histagged proteins after SDS-PAGE fractionation of the eluate.
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To determine whether trypanothione expression affected bacterial response to ionizing radiation, we assessed survival of E. coli after irradiation in two ways. First, we assessed the growth delay in liquid cultures of E. coli after exposure to 600 Gy of ionizing radiation. All irradiated bacteria demonstrated a growth delay compared to unirradiated bacteria; however, the delay was considerably longer in cells lacking trypanothione (,9 h) than in cells with trypanothione (,4 h) (Fig. 3A) . Interestingly, the postirradiation growth kinetics of non-IPTG-treated E. coli transformed with pETA/TS and pETK/TR was intermediate to the growth kinetics of irradiated non-IPTG-treated E. coli transformed with the pETA and pETK vector controls and irradiated, IPTG-treated pETA/TS and pETK/TR-transformed E. coli. This is likely due to basal non-IPTG induced trypanothione expression from the transgene constructs. Second, the clonogenic survival of trypanothioneexpressing bacteria exposed to ionizing radiation was also examined. The surviving fraction of IPTG-treated pETA/TS and pETK/TR-transformed E. coli increased 4.6-fold compared to the survival of E. coli transformed with pETA and pETK alone (Fig. 3B, C) . Therefore, bacterial survival in response to radiation can be enhanced through the expression of the trypanosome specific metabolite trypanothione.
Finally, we examined the biological ramifications of trypanothione expression on the physiology of bacterial cells. Because of the inherent reducing potential of trypanothione, the effect of trypanothione expression on the bacterial redox status was examined first. Bacterial trypanothione expression completely prevented the increase in reactive oxygen species observed after exposure to ionizing radiation (Fig. 4A) as determined by the oxidation-sensitive probe H 2 DCF-DA. In addition, the baseline oxidation of the H 2 DCF-DA probe was also decreased compared to E. coli that did not express trypanothione, suggesting that trypanothione production attenuates the basal pro-oxidant state of E. coli. There was no difference in the fluorescence of the oxidationinsensitive probe DCF-DA, indicating the specificity of the probe to alterations in bacterial redox state (data not shown). Next we measured the frequency of radiationinduced DNA lesions by examining the integrity of the E. coli chromosome in trypanothione-expressing bacteria. Taking advantage of the fact that E. coli genomes are circular in nature, we developed a polynucleotide kinase radiolabeling assay to assess the relative frequency of DNA strand breaks. As expected, bacteria exposed to ionizing radiation increased the incorporation of 32 P label into bacterial genomic DNA (Fig. 4B) , indicating a greater number of DNA strand breaks than in unirradiated bacteria. Expression of trypanothione inhibited bacterial DNA damage after ionizing radiation and decreased the frequency of E. coli chromosome breakage by ,4.3-fold in irradiated bacteria expressing trypanothione compared to control E. coli (Fig. 4B) . Remarkably, irradiated trypanothione-expressing bacteria displayed 2.5-fold fewer DNA lesions than unirradiated E. coli (Fig. 4B) . Taken together, these results demonstrate that trypanothione expression acts as an effective radioprotector with respect to both suppression of DNA damage and accumulation of reactive oxygen species.
DISCUSSION
Trypanosomes have long been known to be one of the most radioresistant eukaryotic organisms. It requires RADIOPROTECTION OF E. coli BY TRYPANOTHIONE 293 100 Gy of X rays to render the T. cruzi strain noninfectious and 600 Gy of X rays to destroy the T. gambiense parasite (2, 3) . The radioresistance of trypanosomes has been explained in part by the induction of Rad51 after exposure of T. cruzi to c rays. Rad51 is a key component of double-strand DNA repair, and as such T. cruzi strains engineered to overexpress Rad51 overcome the genotoxicity associated with ionizing radiation faster than wild-type T. cruzi strains (12) . The importance of trypanothione redox biology on trypanosome radioresistance can be inferred from the fact that TR-null trypanosomes are more susceptible to hydrogen peroxide-mediated killing than wild-type parasites (4) . Despite the fact that trypanothione is the cornerstone of thiol-mediated redox reactions in Trypanosomatids, the need for trypanothione for the radioresistant properties of trypanosomes has never been tested. Testing the role of trypanothione in parasite radioresistance has proven difficult, because the TS enzyme is necessary for the viability of Trypanosomatids (13, 14) . In spite of this, the ability to manipulate a conditionally null TS parasite has recently been developed through the generation of an engineered T. brucei strain in which TS deletion can be induced (15) . This system might be used to determine whether intrinsic trypanosome radioresistance depends on trypanothione synthesis.
The use of thiol-containing molecules as cellular radioprotectors has been investigated extensively. Glutathione is relevant as a radioprotector because it is present at millimolar levels in human cells. Glutathione supplementation can render normal cells radioresistant (16, 17) , and glutathione depletion increases cellular radiosensitivity (18, 19) . Intravenous injection of cysteine into rats increases survival after X irradiation (20) . Similarly, intraperitoneal injection of N-acetyl cysteine (NAC) protects mice from the effects of X radiation through antioxidant mechanisms such as maintenance of glutathione levels and decreased accumulation of oxidant markers of radiation-induced stress such as malondialdehyde and 8-hydroxy-deoxyguanosine (21) . Amifostine treatment has been shown to decrease oxidative stress in human patients with bone marrow failure after total-body irradiation during the course of bone marrow transplantation, and intraperitoneal amifostine administration has been shown to increase antioxidant enzyme expression in normal mouse tissue (22, 23) . Therefore, the ability of trypanothione to reduce intracellular oxidative stress is consistent with the characteristic of other thiol-containing radioprotector molecules. The di-thiol nature of trypanothione provides a unique aspect to its redox biochemistry compared to mono-thiol-containing radioprotector molecules (5) . In the case of trypanothione, the fast reaction of one thiyl radical with the vicinal -SH will yield the disulfide radical anion of trypanothione, which can reduce molecular oxygen to yield the trypanothione disulfide and superoxide radical that can be readily decomposed by superoxide dismutases. This unique characteristic of trypanothione has been shown previously by demonstrating that trypanothione protects the biological transformative capacity of purified bacterial DNA in vitro from ionizing radiation more effectively than glutathione, spermidine or a combination of the two (6). Last, while the studies presented here focused on the direct removal of radiationinduced oxidative stress by trypanothione in E. coli, our findings do not rule out the possible indirect contribution of trypanothione expression on radioprotection. Such mechanisms might include facilitating DNA mismatch repair chemistry, since it has been shown that thiolcontaining biomolecules can contribute to DNA mismatch repair pathways (24) .
Despite the evidence that supports the potential use of trypanothione as a cellular radioprotector, several questions still exist regarding the clinical use of this polyamine di-thiol. First, the use of trypanothione as a tissue radioprotector is dependent upon its toxicity and its ability to provide less radioprotection in cancerous tissue than in normal tissues. Differential radioprotection of normal tissue by amifostine is thought to occur because diffusion into and use of amifostine in normal tissue is more favorable than in tumors (25, 26) . It remains to be seen what effect if any trypanothione treatment will have on normal human cells.
It remains to be seen whether trypanothion protects DNA from the oxidative stress associated with ionizing radiation in mammalian cells. Mammalian genomes are inherently more complex than bacterial genomes in that they are dramatically larger, are packaged within an ordered nucleosome structure, and are contained within a dedicated cellular organelle. Of these characteristics, only the size of mammalian genomes differs significantly from Trypanosomatids (27) , raising the question as to whether trypanothione could be synthesized to the extent necessary to shield a large metazoan genome.
Last, delivery of the TS and TR genes to human cells is also of concern when considering the efficacy of using trypanothione as a cellular radioprotector. While the pitfalls associated with gene therapy have been documented extensively, the question remains as to whether exogenously added trypanothione is taken up by human cells. Gamma-glutamyl transpeptidase indirectly increases intracellular glutathione levels by transporting the breakdown products of glutathione across the plasma membrane, but direct transport of glutathione across the plasma membrane has not been described (18) . Given that trypanothione is different from glutathione because trypanothione has an overall net FIG. 4 . Trypanothione protects E. coli from radiation-induced reactive oxygen species accumulation and DNA damage. pETA/TS and pETK/TR-transformed E. coli were grown to 0.6 OD in liquid LB cultures and then treated with 0.25 mM IPTG. Panel A: One hour after c irradiation, bacteria were incubated with 20 mM H 2 DCF-DA for 30 min at 37uC in the dark and the fluorescence of the oxidative sensitive probe was measured. Bacteria treated with 1 mM H 2 O 2 were used as a pro-oxidant positive control. Fluorescence intensity is shown as the average measurement of duplicate determinations from a representative experiment; error bars represent the standard deviations. Panel B: DNA was extracted from pETA/TS and pETK/TR-transformed E. coli 2 h after c irradiation and quantified by UV spectrophotometry. Strand breaks in circular bacterial genomic DNA were enzymatically end-labeled with T4 PNK in the presence of [c-32 P]ATP. c-32 P incorporation into end-labeled DNA was measured using a scintillation counter. Data are averages of duplicate determinations from a representative experiment; error bars are standard deviations.
RADIOPROTECTION OF E. coli BY TRYPANOTHIONE positive charge, it may be illogical to assume that trypanothione cannot translocate across the plasma membrane like other small molecular weight antioxidants, including NAC, vitamin C and polyphenols. Finally, if trypanothione supplementation should fail due to issues involving cellular trypanothione uptake, it would be worthwhile to determine whether modifications on the carboxy terminus of trypanothione, such as esterification, would facilitate efficacious trypanothione delivery in vivo (28) . Taken together, our results support further investigation into the potential use of trypanothione as a radioprotector of normal tissue for biomedical applications and radiation countermeasures.
